Relying on the phase change property of GST chalcogenide glass, we demonstrate a novel reconfigurable hyperbolic metamaterial in which the spectral region of negative refraction can be switched from near infra-red to visible.
Abstract:
Relying on the phase change property of GST chalcogenide glass, we demonstrate a novel reconfigurable hyperbolic metamaterial in which the spectral region of negative refraction can be switched from near infra-red to visible. Hyperbolic metamaterials (HMMs) are metal-dielectric nano-composites with the unique ability to support large wave-vector electromagnetic states, which have been exploited in a wide range of applications such as imaging [1, 2] and quantum optics [3] [4] [5] . The onset frequency of hyperbolic dispersion and its character (Type-I or Type-II) are determined by the constituent metal and dielectric materials and their fill-fractions, and usually cannot be changed once the HMM is fabricated. Recently, phase change materials such as vanadium dioxide or chalcogenide glasses have emerged as a unique platform enabling nanophotonic switches and optically reconfigurable metasurfaces [6, 7] , opening up the possibility to develop tunable HMMs [8] . Here we use the chalcogenide alloy Ge2Sb2Te5 (GST), which has traditionally been exploited as the switchable medium in rewritable optical disks and non-volatile electronic memories, as one of the constituents of a multilayer HMM. By exploiting the reversible amorphous to crystalline phase change property of GST, we demonstrate a Type-I HMM in which the spectral region of negative refraction can be switched from the near infra-red (IR) to visible upon thermal annealing.
The HMM comprises of 7 periods of alternating layers of silver and GST of thicknesses 15 nm and 24 nm, respectively, as shown schematically in the inset of Figure 1 (A). An ultrathin layer (~ 1 nm thick) of germanium is used as a wetting layer in order to ensure good quality silver films. The HMM is deposited on pre-cleaned glass microscope slides by RF sputtering in high-purity argon gas. Optical characterization of the HMM was performed by carrying out ellipsometric measurements of the HMM sample. The dielectric tensor of such a layered nano-composite takes the form, ߝ ിሺ‫ݎ‬ Ԧሻ ൌ ݀݅ܽ݃൫ߝ ௫௫ ǡ ߝ ௬௬ ǡ ߝ ௭௭ ൯, where ߝ ௫௫ ൌ ߝ ௬௬ ൌ ߝ ‫צ‬ and ߝ ௭௭ ൌ ߝ ୄ . By using a uniaxial anisotropic model, the effective in-plane (ߝ ‫צ‬ ) and out-of-plane (ߝ ୄ ) dielectric constants of the HMM were determined from ellipsometry [9, 10] . When the GST layers in the HMM are in the amorphous phase, the HMM shows Type-I hyperbolic dispersion (ߝ ୄ ൏ Ͳ, ߝ ‫צ‬ Ͳ) in the near-IR region and elliptical dispersion (ߝ ୄ ǡ ߝ ‫צ‬ Ͳ) in the visible region, as shown in Figure 1(A) . Subsequently, the sample is annealed above the GST crystallisation temperature (~160 o C), to convert the GST phase from amorphous to crystalline.
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Effective dielectric constants of the annealed nanocomposite extracted from ellipsometry measurements are shown in Figure 1 (B); with GST layers in the crystalline phase, the HMM exhibits Type-I hyperbolic dispersion in the visible region and elliptical dispersion in the near-IR region. Polarized reflection measurements as a function of incidence angle were carried out on the HMM sample in both the amorphous and crystalline phases to verify the accuracy of the dielectric constants extracted from ellipsometry measurements. Figures 2(A) and 2(B) show the good agreement between the measured and calculated reflection spectra for TM polarization, for both as-deposited and annealed HMM samples.
Since the samples show Type-I hyperbolic dispersion, they are expected to show negative refraction as well. Figure  2 (C) shows the electric field map and the Poynting vector for the HMM in the amorphous phase simulated using a finite element method. In the simulation, a plane wave with TM polarization is incident on the air-HMM interface at an angle of 60 o . If the wavelength of the incident wave is 1200 nm (top panel), it experiences hyperbolic dispersion and undergoes negative refraction. On the other hand, if the incident light has a wavelength of 600 nm (bottom panel), it does not experience the strong anisotropy and is positively refracted. This situation is inverted after conversion of the GST layers to their crystalline phase, where similar simulations show negative refraction at 600 nm and positive refraction at 1200 nm.
In conclusion, we demonstrated a hyperbolic metamaterial containing a chalcogenide phase change constituent in which both positive and negative refraction coexist in the visible and near-IR spectral regions, respectively; the sign of refraction in both spectral regions can be inverted by simply switching the phase of the chalcogenide glass.
